How body pattern is redefined to allow appropriate restoration of lost parts is a fundamental question in regenerative biology. Jellyfish, with their tetraradial symmetry, offer an unexplored paradigm for addressing patterning mechanisms during regeneration. Here we show that the extensive regenerative capacities of Clytia jellyfish do not rely on an actively maintained global patterning system, but instead emerge from local interactions. Any major injury triggers an actomyosin-powered remodeling process that restores body umbrella shape, repositions structures and generates hubs of rearranged radial smooth muscle fibers. These hubs define the position for feeding organ blastema formation. Growth of the feeding organ then requires both cell proliferation and long-range cell recruitment; its morphogenesis is directed by local interactions with the gastrovascular canal system. Such patterning systems, in which mechanically-driven remodeling precisely positions blastema formation, might represent a widespread feature of regenerating animals.
Introduction
Regrowth of new structures and their integration into existing body parts during animal regeneration require varying contributions from cell proliferation and tissue remodeling, an issue already highlighted by early studies on planarians (Morgan, 1901) . The (re)specification of positional information has been largely attributed to organizer-like centers and gradients of diffusible morphogens, modeled to pattern the surrounding cells in a concentration-dependent manner (eg. (French et al., 1976; Lander, 2013; Raz et al., 2017; Witchley et al., 2013) . In planarians, hydra polyps or vertebrates, the site of injury transforms into a signaling center resetting positional information and triggering the regrowth of missing elements through proliferation and/ or tissue remodeling (Chera et al., 2009; Owlarn et al., 2017) . Alongside morphogen-based systems, structural and mechanical cues can also contribute to patterning. Supra-cellular actin fibers, for instance, mechanically direct the orientation of body axis during regeneration of hydra polyp fragments (Livshits et al., 2017) .
Cnidarians, the sister group of bilaterian animals, display remarkable regenerative capacities. So far, studies of regeneration have mainly focused on the polyp stage of the cnidarian life cycle, rather than the medusa stage, a sexually reproductive, dispersive form generated asexually from the polyp in many species of the medusozoan clade . As well as Hydra polyps, which are a classic regeneration model (Galliot, 2012) , the colonial hydrozoan Hydractinia (Bradshaw et al., 2015; Gahan et al., 2016) and the sea anemone Nematostella vectensis (Amiel et al., 2015; DuBuc et al., 2014; Schaffer et al., 2016) have become valuable systems for studying wound healing and wholebody regeneration.
Compared to the polyp stage, medusae (= jellyfish) display complex tissue architectures, including striated muscles and well-defined organs, and thus offer an attractive system for studying both whole organism repatterning and organ restoration. In scyphozoan jellyfish the regenerative capacity seems relatively limited; a recent study showed that lost parts are not replaced in juveniles following amputation, although rotational symmetry is restored by a simple muscle-powered process termed "symmetrization" (Abrams et al., 2015) . Hydrozoan jellyfish, however, possess greater developmental plasticity than scyphozoans (Hargitt, 1899 (Hargitt, , 1903 Morgan, 1899; Neppi, 1918; Schmid, 1974; Schmid and Alder, 1984; Schmid and Tardent, 1971) . The pioneering work of V. Schmid and P. Tardent provided an initial characterization of the regenerative capacity of hydrozoan medusae, including the ability of wild-caught Clytia hemisphaerica to reconstitute organs and restore umbrella shape after diverse types of damage (Schmid, 1974; Schmid et al., 1976; Schmid and Tardent, 1971) . Clytia is now a reliable laboratory model with extensive genomic and transcriptomic resources (Houliston et al., 2010; Leclère et al., 2019) amenable to gene function analysis (Momose et al., 2018) . Clytia medusae show four-fold rotational symmetry around the feeding organ, called manubrium ( Figure   1A -C). The distribution of elements within the medusa can thus be defined by positional values along a radial axis (i.e. from the umbrella center to the rim), and angular spacing ( Figure 1B) . We can distinguish four identical morphological units, called quadrants, each comprising a portion of umbrella harboring one radial gastrovascular canal, a gonad, one lobe of the tetraradially organized manubrium ( Figure 1D ) and a segment of the circular peripheral canal connecting the tentacle bulbs (up to four per quadrant). The manubrium, tentacle bulbs and gonads harbor populations of stem cells (Denker et al., 2008; Leclère et al., 2012) , have autonomous functions and can be regarded as true organs.
The umbrella is constituted mainly by an acellular connective layer, the mesoglea ( Figure 1C) , and its internal and external surfaces have different properties. The external surface, the exumbrella, is covered by a simple monolayer of epithelial cells (Kamran et al., 2017) , while the inner, concave subumbrella is more complex, being composed of three overlapping tissues layers ( Figure 1C ).
Within the subumbrella, an endodermal epithelium is in contact with the mesoglea, and is covered by radially oriented smooth epitheliomuscular cells ("radial smooth muscles"), while at the umbrella periphery a further layer of circularly-oriented striated epitheliomuscular cells which power swimming contractions is interposed between the two ( Figure 1C ) (Leclère and Röttinger, 2016) .
We employed cutting and grafting experiments to define the patterning rules that govern Clytia medusa regeneration and to investigate the underlying cellular mechanisms. Distinguishable phases of wound healing, tissue remodeling and cell proliferation sequentially contribute to the restoration of shape and missing organs. When the central manubrium is lost, tissue remodeling defines its position of regrowth in a predictable manner. Actomyosin-driven wound constriction triggers the remodeling of umbrella tissues, causing the formation of a transient landmark, a "hub" of radial smooth muscle fibers. Stabilized hubs predict the site where a new manubrium will regenerate. We also show that both proliferating stem cells and digestive cell types mobilized from other organs fuel the manubrium anlage, while radial canals locally dictate its geometry. Pattern in regenerating Clytia medusae thus emerges from the integration of local interactions between structural elements and long-range recruitment of cells. Based on our findings, we propose an actomyosin-based "spoke and hub" patterning system, which translates the wound-induced remodeling process into a precisely located blastema.
Results

Restoration of medusa form involves both regrowth of organs and body remodeling
In order to gain insight into the self-organizing properties of the Clytia jellyfish, we explored its regenerative responses by designing a diverse array of dissections ( Figure 1E -J, 1-S1, 1-S2). Firstly, targeted ablations demonstrated that all organs (feeding manubrium, gonads, tentacle bulbs) and radial canals can fully regenerate ( Figure 1E -H). Functional manubria regenerated in 4 days ( Figure   1E ; n: 43/44), while gonads (bearing mature gametes) and tentacle bulbs reformed in about a week ( Figure 1F ,G, 1-S2; gonads: 48/48, bulbs: 45/52; after 8 days in fed jellyfish). Removed segments of radial canals rapidly reformed, re-growing from the stumps in both centripetal and centrifugal directions ( Figure 1H ; notice the growing tip). The recovery efficiency of gonads and tentacle bulbs varied, both within and between medusae. It appeared to be affected by the physiological state of the animal, in particular by feeding levels (Figure 1-S2C ,D) . In contrast, the manubrium recovered reliably and stereotypically, suggesting that the feeding organ is prioritized during the regeneration process ( Figure 1-S2E ).
Secondly, a series of diverse cuts of the jellyfish umbrella allowed us to define the parameters of shape restoration ( Figure 1I ,J, 1-S1). Fragments began remodeling rapidly, reducing the wounded surface, and usually restoring the circular jellyfish shape within 24 hours, irrespective of the starting topology and of the number of remaining organs or canals ( Figure 1I , 1-S1). This is well illustrated by halved ("bisected") jellyfish or quarter fragments, which morph rapidly into a circular, smaller, umbrella ( Figure 1I , 1-S1C,D). Taken together, the responses to the array of cut topologies indicated that: i) existing organs and canals are largely conserved, ii) the peripheral circular canal determines the final perimeter of the restored umbrella, iii) the final umbrella size correlates with the amount of tissue in the fragment (Figure 1-S1). A rare failure in shape restoration concerned medusae from which the entire umbrella margin had been removed ( Figure 1J , 1-S1T): these fragments sealed into a spherical shape and died shortly after ( Figure 1J , 1-S1T). In cases where the manubrium was injured, the organ rapidly sealed before regaining its feeding function (Figure 1-S1C) . In manubriumfree fragments, cells accumulated at the injured ending of the remaining radial canal(s) within 24 hours post dissection (hpd), and this mass regenerated into a new functional manubrium within 4 days post-dissection (dpd) ( Figure 1I , 1-S1D,M,R). A minority of manubria sprouted additional radial canals (6/16 of bisected jellyfish showed a third radial canal after 6 weeks, Figure 1-S1C). , and up to four tentacle bulbs (tb). The tetraradially shaped manubrium (m) lies at the center. A peripheral circular canal (cc) connects the tentacle bulbs. Radial smooth muscle fibers (smooth m.) and circular striated muscle (striated m.) line the subumbrellar layer. C) The umbrella comprises an epithelial exumbrella layer, a connective mesoglea, and a subumbrella layer, constituted by endoderm and two layers of muscle fibers (smooth and striated). D) Diagram of a manubrium, oral (distal)-aboral (proximal) view. The base comprises four gastric pouches, connected to the four radial canals. The oral area (lip) is organized into four folds. (E-J) Regenerative potential of Clytia medusa. E) Manubrium regenerates in 4 days, F) gonads and G) tentacle bulbs in 8 days. H) Radial canals efficiently regenerate. Detail of the growing tip, showing nerves in the canal (tyr-Tub antibody, shown in red). I) Quarter medusa fragment morphs within 24 hours into a smaller medusa, and regenerates a new manubrium in 4 days. J) Any type of wound to the umbrella is readily repaired, with the exception of the excision of the entire bell margin, which leads to the medusa fragment sealing on itself without proceeding further with regeneration. Scale bars: A,I-J: 1 mm; E-G: 100 µm; H: 20 µm.
These observations highlighted the strong capacity for tissue and organ repair in Clytia jellyfish, but also showed that the final layout of body parts in regenerates does not necessarily match the original topology. Most obviously, missing radial canals were not restored, and the spacing between remaining canals and gonads was unbalanced in many cases (e.g. Figure 1 -S1H,I,P). Thus restoration of the characteristic tetraradial symmetry of the medusa, manifested by the regular angular spacing of the organs and canals (see Introduction and Figure 1B) is dependent on the elements retained in the regenerate.
Cell proliferation is required for manubrium regeneration, but not for wound closure or umbrella remodeling
Following manubrium ablation ( Figure 1E) , the wounded exumbrellar and subumbrellar layers curled and fused together, sealing off the exposed mesoglea (stage 0, wound closure). The hole in the umbrella started to constrict progressively, pulling together the cut ends of the four radial canals. By 12 hpd the tissue gap was closed, and the radial canals joined at the center (stage 1, remodeling).
Cells started accumulating at the junction of the radial canals, the first sign of organ regeneration; by 24 hpd the cell mass formed a roughly square, flat primordium (stage 2, regeneration primordium).
The primordium thickened, and by 48 hpd it fissured centrally, revealing the now distinguishable gastric cavity (stage 3, opening). A thicker rim emerged, which developed into a short tubular outgrowth (stage 4, outgrowth). The protuberance elongated, and within 4 dpd, it developed the characteristic lip folds, tetraradially arranged; the manubrium was now fully functional, albeit smaller than the original one (stage 5, folding) (Figure 1-S2F ,G).
The contribution of cell proliferation to manubrium regrowth was assessed by one hour incubation with the thymidine analogue EdU (Figure 2A -C, 2-S1). Within the first hours following manubrium ablation, cell proliferation levels in the subumbrella decreased, notably within the segment of radial canals lying between gonad and manubrium (termed "MG-segment"; Figure 2C , 2-S1). Cell cycling then increased markedly within the manubrium anlage (24 hpd), notably during the thickening phase (between 48 hpd and 72 hpd; Figure 2A ,B). Cell proliferation within the radial canals increased again around 48 hpd, and peaked during primordium thickening stage (72 hpd), before returning to basal levels at 96 hpd (Figure 2A ,C, 2-S1A,B). Treatment with the inhibitor of DNA synthesis hydroxyurea blocked manubrium regeneration at a pre-opening stage (stage 2-3), thus establishing the dependency of manubrium outgrowth on cell proliferation ( Figure 2D ,E). After removal of the inhibitor, the regenerative process resumed, and a complete manubrium formed within 3 days (n: 14/20; Figure 2E ). Conversely, hydroxyurea treatment did not impair wound healing, umbrella remodeling or the repositioning of regenerating manubrium after bisection ( Figure 2G) , consistent with the relatively low number of cells incorporating EdU during these processes ( Figure 2F ). EdU pulse labelling shows that cell proliferation strongly increases in the manubrium anlage, visualized by phalloidin staining (in white), starting from 24 hpd (quantification shown in B). Columns in the panel displays different channels of the same image, except for the first one, where a magnification is shown for second and third row. (C) Shortly after injury, cell proliferation levels in the radial canals are reduced, and increase again 48-72 hpd. At 96 hpd proliferation levels return to basal level. n.d.: non dissected. (D) Treatment with hydroxyurea (HU) shows that cell proliferation is not necessary for the initial cell mass accumulation (0-48 hpd). (E) Cell proliferation is necessary for the manubrium outgrowth, and the correct formation of lobes. Removal of HU restores proliferation and manubrium morphogenesis. (F, G) Remodeling does not require cell proliferation. F) EdU pulse shows cycling cells in the proximity of the remodeling margin, but G) HU-treatment demonstrates that proliferation is not necessary for successful shape restoration. Scale bars: A,D-F: 100 µm, G: 1 mm. Statistical test: p values calculated with the Mann Whitney Wilcoxon test.
Cell recruitment via the radial canals sustains manubrium morphogenesis
The high numbers of EdU-labelled cells detected within radial canals during primordium formation ( Figure 2A ,C, 2-S1A,B) raised the possibility that cells are recruited from other parts of the medusa through the canal system. Gonads and tentacle bulbs, which connect to the manubrium via the radial canals, harbor niches of multipotent stem cells (Denker et al., 2008; Leclère et al., 2012) called interstitial stem cells (i-cells; Figure 3A , 3-S1A). Hydrozoan i-cells can generate both somatic and germ cell types, and express stem cell markers including Nanos1 (Bosch, 2009) . Grafting experiments demonstrate that stem cells migrate from the gonad to the site of manubrium regeneration. C) Diagram of experimental approach: a donor medusa is incubated with EdU for 24 hours, one gonad is then excised and grafted at the place of one of the gonads of a non-treated receiver. D) 48 hours after manubrium dissection, EdU-positive cells are detected in the radial canal connecting the grafted gonad to the regenerating manubrium, and in the manubrium primordium as well (white arrowheads). E) A fraction of the EdU-positive cells found in the regenerating manubrium express CheNanos1 (white arrowhead), indicating that they likely are migrating i-cells. F) Diagram of control experiment: an EdU labeled gonad is grafted to a non-regenerating host. G) In non-regenerating EdU+ gonad-grafted animals, none or only few EdU-positive cells can be found the manubrium and the radial canal connected to the grafted gonad, 3 days post graft (white arrowheads; detail of larger image shown in Figure 3 -S1G). H) EdU-positive and EdU/CheNanos1 double positive cells are abundant in regenerating manubrium while nearly absent in non-regenerating manubria. Abbreviations: m: manubrium, rm: regenerating manubrium, g: gonad, gg: grafted gonad. tb: tentacle bulb, rc: radial canal. Nuclei are shown in blue. Statistical test: p values calculated with the Mann Whitney Wilcoxon test. Scale bars: A-C,E: 100 µm, D: 10 µm.
In situ hybridization detection of CheNanos1 revealed i-cells in both regenerating manubrium and radial canals, starting from 24 hpd ( Figure 3B ). We could demonstrate that some of these i-cells came from the gonad by replacing a gonad in a host medusa prior to manubrium ablation with one from an EdU-labeled donor (24 hs incubation with EdU; Figure 3C , 3-S1B-E). 48 hours after manubrium ablation, EdU-positive cells were detected in the host medusa both within the regenerating manubrium and in the connecting radial canal ( Figure 3C , 3-S1F-I), and a subpopulation of those migrating EdU+ cells expressed CheNanos1 ( Figure 3E ,H, 3-S1F-H). EdU+/Nanos1+ cells were found exclusively in the MG-segment of radial canals and in the manubrium primordium ( Figure   3D , 3-S1F-I), indicating that cell migration from the gonad is directed towards the regenerating manubrium. Unexpectedly, small oocytes labeled with EdU were also detected both in the radial canal and regenerating primordium ( Figure 3B , 3-S1H); the fate of these oocytes in the primordium is unclear. No mobilization of EdU+/Nanos1+ cells from the gonad was observed in undamaged medusae ( Figure 3F -H), suggesting that recruitment of i-cells and other cell types is specifically triggered by the regeneration process.
We noted that another cell type, characterized by brown pigmentation, circulated actively in the canals during regeneration and appeared to integrate the primordium. In undamaged jellyfish, these cells were located in the endoderm of the manubrium, gonads and tentacle bulbs ( Figure 4A ). These previously undescribed cells, which we term Mobilizing Gastro-Digestive (MGD) cells circulated rapidly within the lumen of the radial canal following manubrium ablation, likely transported by the flagellar beating of canal endodermal cells that govern nutrient flow ( Figure 4C ). We could label them specifically by feeding the medusa with fluorescent beads ( Figure 4A , see Methods), supporting the idea that they function in nutrient uptake, and that the brown pigmentation derives from the crustacean diet (artemia nauplii). We noted that the MGD cells also mobilized in the radial canals in starvation conditions, albeit less markedly than in regenerating jellyfish ( Figure 4D ), suggesting a role in regulating nutritional balance between organs. Analysis of bead-labeled jellyfish following manubrium dissection revealed that some of the endodermal cells of the regenerating manubrium did indeed originate from other organs of the jellyfish ( Figure 4B ). Transplantation of a gonad from a medusa fed with fluorescent beads to an unlabeled host prior to manubrium ablation confirmed that MGD cells from the gonad endoderm are recruited by the primordium of the regenerating manubrium, as well as by other non-regenerating organs ( Figure 4E ). In medusae from which all gonads had been removed, fluorescent-bead-labelled MGD were detected in the manubria primordia once the radial canals had regrown, showing that these cells can be recruited not only from the gonad but also from more peripheral regions, likely from the endoderm of the tentacle bulbs ( Figure 4F ). On the other hand, no fluorescent-bead-labelled MGD cells were found in the manubrium primordium if the gonads and the radial canals were completely ablated ( Figure 4F ) demonstrating that MGD travel uniquely though the endodermal canal system. Related experiments demonstrated that intact radial canals are necessary for manubrium regeneration. The removal of all four radial canals (including gonads), leaving just their most proximal segments intact, either blocked manubrium regeneration at early stages or led to abnormal manubria with incorrect geometry and disrupted morphogenesis, notably lacking the deep folds shaping the four edges of the manubrium column ( Figure 5A ). Correct morphogenesis of a tetraradial manubrium only occurred when at least one radial canal was connected to the peripheral gastrovascular system ( Figure 5B ).
Based on these results we propose that the recruitment of i-cells, MGD cells and possibly other cell types via the canals to the primordium is necessary for correct manubrium regeneration in Clytia.
Mobilized cells display two trends: stem cells specifically migrate towards the regeneration site, while digestive cells circulate through the canal system and can settle in the endoderm of any organs, including the manubrium regeneration site.
Radial canals dictate the geometry of the regenerating manubrium
The tetraradial symmetry of the native manubrium mirrors the global symmetry of undamaged medusae, and is also perfectly restored in regenerating manubria if properly connected to the canal system (see above; Figure 5J ). In order to explore further the link between manubrium symmetry and the global tetraradial symmetry of the medusa body, we examined the geometry of the regenerated manubrium in the context of different cut topologies.
Bisected and quarter medusa fragments regenerated double-and single-lobed manubria, respectively ( Figure 5C,D) . Furthermore, irrespective of the dissection topology, the number of lobes of the regenerating manubrium always reflected the number of remaining radial canals, such that three radial canals generated a three-lobed manubrium, and so on ( Figure 5C-F) . This pattern might depend either on an underlying system of circular positional information retained within the medusa fragments, or by a signal coming from the canals themselves. To distinguish these possibilities, we systematically removed radial canals from manubrium-ablated (but otherwise undamaged) medusae.
The presence of four canals led in most cases to a tetraradial manubrium, three canals to a trilobate one, two canals a bilobed manubrium, and one canal to a tubular one ( Figure 5G -J). We conclude that the topology of the regenerating manubrium is determined by the number of connecting canals, which might provide a mechanical or biochemical signal, and/or might materially contribute to the primordium composition by providing migrating cells (Figure 3,4) . Arguing against the latter option, canal fragments connected to the primordium but not to any other organ were found to be sufficient to direct the geometry of the regenerated manubrium ( Figure 5B) , as long as at least one canal remained connected to a gonad. Canals appear therefore to exert a local influence on the proliferating primordium, whose nature remains to be determined. 
Muscle fiber 'hubs' predict the site of manubrium regeneration
The initial remodeling of fragmented medusae generates a new stable functional state in which circular shape and organ function are recovered. Positional information along the radial axis of the umbrella, from the manubrium site to the rim, is re-established during the remodeling phase, whereas rotational symmetry depends on local cues. Recovering medusae fragments usually regenerate only one manubrium (see below for an exception), reform radial canals (although not necessarily in the original tetraradial configuration), and regenerate gonads appropriately positioned along the canals. A key question is thus to understand how the position of a new manubrium is determined. In undamaged jellyfish, the manubrium is located at the geometrical center of the umbrella, at the point of convergence ('hub') of the radial smooth muscles fibers and of the four endodermal radial canals. The initial position of the regenerating manubrium does not necessarily coincide with the geometrical center of the remodeled medusa (e.g. in quarter jellyfish fragments; Figure 6A ), while manubrium anlagen were invariably associated with the radial canal(s) and a hub of smooth muscle fibers. We thus explored whether the canals and/or the smooth muscle fiber hub could contribute to defining the position of the new organ.
Experiments presented above showed that successful manubrium regeneration is dependent on the presence of radial canals. Cells recruited through the radial canals were found to be necessary for correct manubrium morphogenesis (see above: Figure 5 ). Furthermore, interradial fragments lacking a radial canal showed no signs of primordium formation at 4 dpd ( Figure 6B) . After two weeks a simple tube-like manubrium (unable to feed) was observed in a few cases (n: 13/65; Figure 6B) ,
showing that umbrella tissues also contribute to the new structure, while canals play a facilitating role by contributing with specific cell types to the blastema. Merging of multiple canal ends (often seen during remodeling, see e.g. Figure 1 -S1) do not specify the position of manubrium regeneration, as evidenced by quarter jellyfish fragments in which a manubrium regenerated on the sole surviving radial canal ( Figure 6A ).
F-actin staining showed that primordia and regenerated manubria were systematically associated with the hub of smooth muscle fibers that formed during the remodeling process ( Figure 6A ; n: 22/22). In all cases, a muscle hub could be detected before the anlage formed ( Figure 6A , 6-S1B), irrespective of the wound topology. Hub formation did not require radial canals, since it was unaffected by removal of the MG-segment of radial canals after manubrium excision ( Figure 6C) . In those canal-ablated medusae, manubrium regeneration commenced when at least one of the excised canal regrew to the hub of smooth muscle fibers ( Figure 6C ; primordium on hub (4dpd): 8/9; manubrium at the center of umbrella (5dpd): 18/18). Taken together, these findings suggested that the position of the hub of smooth muscle fibers plays a key role in defining the location of the new organ, while connection to the radial canals fuels primordium growth and morphogenesis.
In order to test the relationship between the muscle fiber hub and the site of manubrium regeneration, we performed a longitudinal deep cut along the umbrella of manubrium-ablated medusae ( Figure 6D , 6-S1D). This cut topology disrupts the wound closure and remodeling processes, resulting in the formation of two muscle hubs ( Figure 6D) . At 24 hpd, we observed two separate manubrium primordia ( Figure 6D ) that in about a third of cases regenerated two independent manubria, sometimes linked by a radial canal ( Figure 6D) . In other cases, the two manubrium anlagen fused into a single oral structure, correctly patterned or twinned ( Figure 6 -S1D, fused manubria 5 dpd: 24/159). The "double hub" experiments confirmed that i) the formation of a muscle hub is a product of the remodeling process and is independent of the radial canals ( Figure 6C , 6-S1C), and ii) each hub marks the location of a regenerating manubrium, irrespective of the subsequent outcome (two manubria or fused; Figure 6D , 6-S1D).
Why does only one manubrium usually regenerate?
Our initial survey of regeneration capacities showed that any medusa fragment can reform a manubrium (Figure 1-S1 ). This implies that the potential to form a manubrium is present along the entire radial axis of the umbrella (also see (Schmid et al., 1976) ) and also that a control mechanism exists that prevent multiple manubria from forming in most cases. One explanation could be that Clytia manubrium has an organizing role, as is the case for the hypostome (mouth) of Hydra polyps (Bode, 2011; Meinhardt, 1993; Vogg et al., 2019) , and provides an inhibitory signal that spreads through the umbrella and prevents the induction of additional manubria. We tested this possibility by grafting supernumerary manubria at different subumbrellar positions. Grafted manubria could co-exist stably with the original one ( Figure 7A) , with each manubrium behaving independently and participating in feeding. The grafted manubria rapidly sprouted new canals, which reconnected to the existing gastrovascular system ( Figure 7A) . In dissected medusae, grafting a fragment of a manubrium base onto the umbrella tissues, either on a radial canal or directly adjacent to the endogenous manubrium, systematically led to the regeneration of a functional extra manubrium ( Figure 7B ; tubular/bi-lobed shape: 12/12). Furthermore, manubria grafted either on the radial canal ( Figure 7C ) or the umbrella ( Figure 7D ) did not prevent the regeneration of an excised manubrium, resulting in the formation of a two-manubrium medusa (n: 10/10 and 17/20, respectively). In contrast, no regeneration occurred when exogenous manubria were grafted adjacent to the excised one ( Figure 7E ; n: 15/20). These experiments indicate that existing manubria can exert a very local inhibition on manubrium reformation.
Examination of muscle fiber organization following manubrium grafting provided a possible explanation for its observed local inhibitory influence ( Figure 7F-H) . Grafted manubria appeared to provoke local reorganization of smooth muscle fibers. Significantly, in cases where the grafted manubria were positioned close to the ablation site of the endogenous manubrium and its regeneration was inhibited, the smooth muscle fibers were not arranged in a hub, irrespective of the presence of canals ( Figure 7H ; n: 11/11). These grafting experiments reinforce the systematic correlation between the presence of a radial muscle hub and the regeneration of a new manubrium.
They also allow us to propose that local disturbance of muscle fiber orientation by a grafted manubrium is responsible for inhibiting manubrium regeneration by preventing hub formation.
These experiments indicate that the manubrium itself does not appear to generate a long-range signal affecting organ positioning. The "inhibitory" effect of proximal grafts is likely indirect, and can be explained by a localized rearrangement of the muscle fibers. The manubrium of Clytia medusae, unlike the hypostome of Hydra polyps, thus does not appear to act as an organizer of global patterning, but can be seen as the pivotal element of a self-organizing system based on local interactions. Figure 7 . Effects of additional manubria on manubrium regeneration. (A) Grafting of an additional manubrium (in purple in the top diagram) on an undissected medusa leads to the formation of a jellyfish with two manubria (purple and orange arrowheads). The grafted manubrium sprouts novel radial canals (blue arrowheads) from its base. Canals will initially grow without apparent directionality, and will connect to the endogenous canal system. (B) Grafting of a fragment of manubrium base on the umbrella leads to the regeneration of an extra-manubrium (purple arrowhead). (C-E) Effect of manubrium grafting on manubrium regeneration. If the manubrium is grafted on the radial canal C) or in the middle of the umbrella D), it does not inhibit regeneration of the endogenous manubrium (orange arrowhead). E) Short-range inhibition (black arrowhead) is observed when the additional manubrium is grafted adjacent to the regeneration site. (F-H) The regenerated manubrium is systematically associated with a muscle hub in medusae where the grafted manubrium is either on a radial canal F) or on the umbrella G), as shown by phalloidin staining. H) When regeneration is inhibited, no muscle hub is observed at the junction point of the radial canals. Scale bars: 100 µm.
Actomyosin-driven subumbrella remodeling restores medusa shape
Closer examination of the tissue behavior in bisected medusae provided insights into the mechanisms underlying remodeling and shape restoration (Figure 8) . As for manubrium dissection (Figure 2A) , the subumbrellar and exumbrellar layers fused together in the first two hours following bi-section, sealing off the mesoglea (Figure 8A,B) . In the following hours, myoepithelial tissues surrounding the wound site constricted, progressively reducing the cut perimeter ( Figure 8A,B) . This active process of wound closure drew together the intact tissues at each end of the cut edge, restoring the domeshaped umbrella in less than 24 hours ( Figure 8A,B) . F-actin staining and DiI tracing droplets in the mesoglea demonstrated that umbrella remodeling is accompanied by an extensive reorganization within the area proximal to the wound, of both the subumbrellar radial muscle layer (Figure 8B,C) and of the underlying mesoglea ( Figure 8D,E) . During the constriction phase (1 to 12 hpd), tissues and mesoglea adjacent to the wound area were compressed; this correlated with loosening of the radial alignment of the smooth muscle fibers and their partial disorganization ( Figure 8B , 6 hpd). By 12 hpd, the muscle fibers were still recognizable but appeared heavily distorted by umbrella remodeling. They re-acquired a radial orientation following the repositioning of the manubrium (12-24 hpd) towards the new center of the remodeled medusa ( Figure 8B,C) . Correspondingly, DiI droplets indicated that the mesoglea portion initially close to the wound site surrounded the re-centered manubrium, while distal regions seemed unaffected ( Figure 8D,E) .
A continuous bundle of actin lined the remodeling edge ( Figure 8F) , reminiscent of the actin ring described around wound sites in the exumbrella layer of Clytia (Kamran et al., 2017) . This bundle resembles the purse-string structures tightening epithelial wounds described in many species, through a contraction of actin/myosin cables stretching over cells at wound edges (Begnaud et al., 2016; Schwayer et al., 2016) . Detection of phosphorylation of myosin-II regulatory light chain (MRLC) around the wound area by antibody staining (Figure 8G) is consistent with a local activation of the actomyosin contraction system. Actomyosin cables assembled in response to any type of wound in Clytia (Figure 8F, 8-S1C ). Treatment with myosin II inhibitors (Blebbistatin and BDM) impaired umbrella remodeling, providing further evidence that the mechanical forces that underpin remodeling of the umbrella result from actomyosin activity ( Figure 8H, 8-S1A ).
A comparable process described in damaged Aurelia ephyrae was proposed to depend on rhythmic contractions of the striated muscles (Abrams et al., 2015) , and indeed newly fragmented Clytia undergo vigorous contractions (Figure 8-S1B) . Treatment with the anesthetic menthol, which efficiently blocks umbrella contractions (Figure 8-S1B) , did not prevent remodeling of bisected medusae, inducing only a slight delay of remodeling ( Figure 8I) . This result suggests that in Clytia rhythmic contractions of the striated muscle are not necessary to the remodeling process. Figure 8 -Actomyosin-driven subumbrella remodeling restores medusa shape. (A) Morphology of remodeling hemimedusa, showing the rapid reduction of exposed edges. After closure of the wound, the manubrium migrates towards the center: by 24 hpd only a scar-like trace is visible in the umbrella, which will then disappear. (B, C) Dynamics of muscle fibers at the remodeling edge (phalloidin staining in B -corresponding to the brown squares in A; diagram in C). The initially ordered radial fibers disorganize at the wound edge, and are heavily rearranged following the movements of the umbrella. (D, E) Injection of DiI droplets (in D) into the thick mesoglea layer of hemi-medusae, along a line following the wound (left images, DiI droplets shown with red arrowheads, n: 8/8 jellyfish) or perpendicular to it (right images, DiI droplets shown with blue arrowheads, n: 6/6 jellyfish). Mesoglea is rearranged close to the wound area, while its more distal region seems unaffected (diagram in E). (F) Remodeling is driven by an actomyosin cable that assembles at the wound edge in both bisected (top) and manubrium-dissected (bottom) medusae. (G) Actin filaments and phosphorylated myosin are strongly enriched at the wound site (orange arrowhead) during remodeling. (H) Blebbistatin-based inhibition of myosin II shows that actomyosin is responsible for remodeling. (I) Complete inhibition of striated muscle-based rhythmic contractions with menthol (see Figure 8 -S1B) causes only a minor delay in remodeling (red arrowhead). Scale bars: A,D: 1 mm; F: 50 µm, B,G: 25 µm.
Hub stabilization is required for manubrium blastema formation
Actomyosin-driven healing was observed to systematically cause bunching up of smooth muscle fibers. In some cases this bunching configuration became stabilized as a "muscle hub" and was followed by blastema formation. Not every wound, however, induces the regeneration of a new manubrium. To understand how this process is controlled, we performed an asymmetric bisection of the jellyfish umbrella -generating a smaller fragment devoid of manubrium and a larger, manubriumbearing one (Figure 9 ). In this case, the smaller fragment (S-fragment) regenerates a manubrium, while the larger (L-fragment) does not, an inequality that cannot be attributed to a wound size difference (equal in both fragments) nor, as previously shown (see Figure 7) , to a long-range inhibitory effect of the existing manubrium. F-actin staining revealed in both fragments a similar initial bunching of injured and disorganizing smooth muscle fibers, close to the healing wound (Figure 9 ). In the S-fragment, smooth muscle fibers started to progressively organize around the hub precursor site, leading to a radial organization of fibers converging on one side towards the "hub", and connected to the margin of the umbrella on the other. This characteristic topology resulted in stabilization of the hub structure, which was maintained during the subsequent re-centering process, and ultimately led to the appearance of a manubrium primordium ( Figure 9A) . In the L-fragment, the severed fibers were also initially gathered into a hub at the wound area (8 hpd). However, they were differently arranged, connected on one side to the wound site and on the other extremity to the manubrium, thus lying parallel ( Figure 9B) . The displacement of this structure away from the wound site (from 10 hpd) led to the local re-orientation of the surrounding fibers, which converged towards the endogenous manubrium ( Figure 9B ). This rearrangement led to the disappearance of the newly formed hub.
Consistently, a new manubrium always regenerated in the S-fragments (in correspondence with the hub), but never in an L-fragment.
Taken together, these results suggest that actomyosin-dependent tissue remodeling is the major driver of Clytia medusa shape restoration, determining i) the recovery of circular topology, and ii) the formation of the radial smooth muscle hub. Transition to a stable hub in a medusa fragment depends on the configuration of the radial muscle fibers, which ultimately is determined by the wound topology.
We suggest that stabilization of the muscle hub can only occur when the fibers are not constrained by attachment to an existing hub. Figure 9 -Hub stabilization is required for manubrium blastema formation. (A,B) Behavior of radial muscle fibers in two medusa fragments generated from a bisection orthogonal to a radial canal, generating one smaller fragment without manubrium (A) and one larger fragment containing a manubrium (B). Schematic comparison of the behavior of radial muscle fibers (green) in the two fragments at 0, 8, 10, 24 hpd and 4 dpd.
Discussion
The topology of hydrozoan jellyfish, with a short primary body axis (oral/aboral), tetraradial body symmetry and pools of stem cells segregated into organs, offers a novel paradigm for studying the regulation of regenerative processes and of body patterning. We report here that swimming Clytia jellyfish cope efficiently with a wide range of damage, rapidly regaining functionality and a stable body organization. Such potential relies on robust mechanically-driven remodeling, which repositions organs and canals system and generates a novel transient structural landmark, a "hub" of reorganizing smooth muscle fibers, which predicts the site of manubrium blastema formation.
Distinct contributions of tissue remodeling and cell proliferation to medusa regeneration
The relative contributions of cell proliferation (epimorphosis) and tissue remodeling (morphallaxis) to the restoration of forms and size have been long debated (Morgan, 1901) . Research has largely focused on the dynamics of cell proliferation, while the contribution of remodeling has been understudied (Pellettieri, 2019) . These processes often occur together, raising the question of their co-regulation. For instance in planarians, re-proportioning of body fragments is generally considered to follow blastema-based reformation of missing parts; when stem-cell based regeneration is prevented the expression of body pattern marker genes shifts nevertheless, indicating that repatterning can occur independently of blastema formation (Gurley et al., 2010; Petersen and Reddien, 2009; Reddien et al., 2007) . The balance between proliferation and remodeling during regeneration is quite variable among cnidarians: cell proliferation plays a prominent role in head regeneration in the polyps of Nematostella and Hydractinia (Amiel et al., 2015; Bradshaw et al., 2015; Passamaneck and Martindale, 2012) and in tentacle regeneration of some hydrozoan medusae (Fujita et al., 2019) , while remodeling and repatterning of existing tissues are the main drivers of head regeneration in Hydra (Bode, 2003; Vogg et al., 2019) .
Whole-body regeneration in Clytia jellyfish relies on both tissue remodeling and cell proliferation, whose contributions are coordinated, but spatially and temporally distinct. During an initial morphallactic phase, remodeling drives shape restoration, generating a novel spatial framework of structural elements. The subsequent epimorphic organ regeneration relies on cell proliferation. The heterogeneous cell mass from which the new manubrium regenerates can be regarded as a true blastema (Seifert and Muneoka, 2018) . Its growth and morphogenesis into a functional organ involves extensive cell proliferation, but also targeted migration of CheNanos1-expressing cells, and the nondirected migration of a newly identified type of differentiated digestive cells, the MGD (Mobilizing Gastro-Digestive) cells. The migration of putative stem cells towards the manubrium regeneration site is reminiscent of i-cell migration to the head blastema reported for Hydractinia polyps (Bradshaw et al., 2015) or the targeted migration of progenitors during planarian eye regeneration (Atabay et al., 2018) . MGD cells represent an uncharacterized endodermal cell type whose mobilization via the canal system may be involved in regulating metabolic balance between organs.
Wound healing and remodeling mechanically redefine jellyfish topology
Following injury, an actomyosin cable rapidly assembles at the edge and contracts to progressively reduce the wound margin. Supracellular actomyosin cables generated by alignment of cortical actomyosin are a widespread feature of animal tissues, and are considered to be a conserved mechanism for the closure of epithelial gaps (Jain et al., 2019) in multiple contexts, including wound healing and morphogenesis (reviewed in (Röper, 2013; Schwayer et al., 2016) . Actomyosin-based contractions have recently been documented during wound healing in Clytia exumbrella (Kamran et al., 2017) , a simple tissue layer devoid of muscle fibers. For large umbrella injuries, the actomyosinbased wound-healing process is predicted to generate major tissue stresses, likely resisted by the stiffness of the mesoglea layer and of the umbrella margin, which condition the reorganization and final configuration of subumbrella elements.
Morphological "quadrants", defined by a radial canal connecting a quarter manubrium, a gonad and tentacle bulb(s), repeat around the radial axis of the jellyfish. If none of the structural elements within a quadrant remains in a jellyfish fragment, quadrant self-organization cannot be triggered, and the entire morphological unit is lost. Thus, the angular position of elements around the radial axis is not encoded by a system of rotational coordinates, implying that the characteristic symmetry of the adult jellyfish does not depend on an actively maintained global patterning system. Conversely, selforganization efficiently restores any missing element in a quadrant along the radial axis. The nature of the patterning system acting operating along this axis remains to be elucidated.
How positional information is restored in animals undergoing regeneration remains a central question.
Positional memory in amputated amphibian limbs is retained by connective cells, which instruct the pattern of the proliferating blastema (McCusker and Gardiner, 2013) .Wound sites appears to act widely as signaling centers for the initiation of regeneration among animals (Owlarn et al., 2017) , and in multiple instances have been shown to instruct the repatterning of body parts, such in Hydra polyps (Chera et al., 2009) or in zebrafish caudal fin (Wang et al., 2019) . Planarian head blastemas also rely on the instructive role of the wound site (Oderberg et al., 2017; Petersen and Reddien, 2009; Reddien and Alvarado, 2004; Wurtzel et al., 2015) , which affect the expression of "Positional Control Genes" (PCGs) expressed along the longitudinal smooth muscles (Cebrià, 2016; Cutie et al., 2017; Reddien, 2018) . In Clytia jellyfish, our tracing experiments show that the wound site correlates with the position where the blastema will form, however, not all wound sites will induce a blastema. Furthermore, blastema formation can be temporally uncoupled from wound healing, since it can be triggered several days later. Thus in Clytia, cues from the wound site do not directly or solely define the position of the feeding organ.
A muscle-derived structural landmark for pattern formation During umbrella remodeling, severed radial smooth muscle fibers are pulled together by the wound healing process, leading to the emergence of a novel structural element, which we term the "hub".
Stabilization of the hub transforms it into a landmark specifying the site of manubrium regeneration.
We define this patterning system "spoke and hub", where the presence of multiple muscle fiber "spokes" (vectors) converging at a hub determines the organ regeneration site.
The mechanisms regulating the stabilization, and final positioning of the muscle hub remain unclear.
The "double hub" and "S/L dissection" experiments indicate that the topology of intact smooth muscle fiber "spokes" meeting at a hub is a reliable predictor of its fate: if the spokes are also connected to an existing hub, the new one will disassemble. While the initial catering of spokes is a consequence of the would-healing contraction process, the reorganization of muscle fibers into a "spoke and hub" configuration and the final positioning of the hub might be guided by mechanical tensions generated by the intact muscles anchored to the umbrella margin, reminiscent of Drosophila flight muscle assembly (Weitkunat et al., 2014) . The alignment of myofibrils might also follow cell polarity cues, likely under the local control of the PCP signaling pathway (Seifert and Mlodzik, 2007) , previously shown to orient epithelial cells during Clytia larval development (Momose et al., 2012) .
Once the hub is stabilized and positioned, how does it trigger the manubrium blastema? One possibility involves a centro-peripheral gradient of morphogens, analogous to the positional signals encoded in planarian body muscles (Cebrià, 2016; Cutie et al., 2017; Reddien, 2018) . Under this hypothesis, the confrontation of disparate positional values encoded in the myofibrils would trigger blastema formation. It is unclear, however, how such a system could achieve precision in the circular Clytia medusa. Alternatively the "spoke and hub" configuration could convert mechanical/cell polarity cues into biochemical signals, allowing the blastema site to be precisely defined within a broadly perturbed system.
There are now many examples of mechanical forces triggering biochemical responses (Chiou and Collins, 2018; Green and Sharpe, 2015; Ingber, 2003; Urdy, 2012; Vining and Mooney, 2017) . Such integration can coordinate developmental processes (e.g. (Heisenberg and Bellaïche, 2013) ), in particular promoting the accurate positioning of structures within a biological system. Long-range patterning is arduous to explain by biochemical signals alone (e.g. see (Das et al., 2019) ), unless complex interactions are invoked to achieve precision (Oderberg et al., 2017) . Regenerating Hydra polyps, a classic model for the study and conceptualization of morphogen gradient-based patterning (e.g. (Bode, 2009; Gierer and Meinhardt, 1972) ), have been recently shown to rely on the alignment of supra-cellular actomyosin fibers for the determination of axis in regenerating fragments (Livshits et al., 2017; Mercker et al., 2015) . In Hydra, it remains unclear how these mechanical cues are integrated with the well-known Wnt/β-catenin signaling, which patterns the primary body axis during both homeostasis and regeneration (Hobmayer et al., 2000; Nakamura et al., 2011) .
In Clytia jellyfish the hub center likely represents a site of low muscle tension, which could via induction of an undetermined signaling system trigger blastema formation. An alternative hypothesis is that the spokes carry intrinsic polarity, and that when opposing PCP vectors meet at the hub this confrontation triggers blastema formation.
"Spoke and hub" muscle configurations equivalent to the one we describe here in Clytia can be recognized during wound healing/regeneration in both Hydra (Livshits et al., 2017) and planarians , preceding the appearance of a new mouth or blastema. "Spoke and hub" patterning systems might thus represent a general but overlooked feature of regenerating animals, playing an early role in the stabilization of remodeling tissues and in the precise positioning of new structures.
Materials and methods
Clytia hemisphaerica husbandry
Clytia jellyfish were clonally grown from Z4B (female) polyp colony (see ) for further information on the genome and the establishment of the line), in the Clytia facility at IMEV, according to the method developed by (Lechable et al., 2019 ) (custom-made closed system, in artificial sea water at 18°C, fed twice a day with Artemia sp. nauplii). We performed all experiments on 11-14 days old individuals (diameter 0.5 -0.8 cm), corresponding to newly matured medusae (spawning). Selected animals were not fed for at least 12 hours prior to experiments; and generally not fed during regeneration experiments, with the exception of some of the gonad and bulbregeneration experiments and of the fluorescent bead assay (see later).
Surgical procedures
Surgical manipulations were performed on agarose-coated petri dishes (2% agarose in filtered artificial sea water or FASW), by means of custom-made tools made of fine platinum wire, acupuncture needles, pipette tips of diverse diameters, Dowell scissors (Fine Science Tools #15040-11), fine forceps (Fine Science Tools #11370-40) and fine scalpels. For manipulations, animals were relaxed either with ice-cold FASW or menthol in FASW (400 µM). Tentacles were trimmed with fine scissors, to avoid damages to the animals due to entangling. Operated animals were kept in a clean multi-well plate, in 5 ml of FASW with antibiotics (penicillin plus streptomycin), which was refreshed at least once per day; multi-well plates were kept in an incubator, at 18°C, agitating.
Organ dissections were performed either by punching out the corresponding area in the umbrella using an appropriately-sized pipette tip (thus generating a hole across subumbrella, mesoglea and exumbrella), or by excising the targeted element by means of forceps and a scalpel or with custommade wire tools (minimizing umbrella damage). Grafts were performed by means of acupuncture needles, used to stich fragments together, and fine forceps.
Experiments were monitored at least once per day, and pictures were taken when necessary (see later). For imaging, animals were temporarily relaxed with menthol in FASW (400 µM).
In-vivo cell labeling experiments
EdU labeling was performed by incubating medusae in a 100 µM solution (EdU in FASW; EdU from Thermofisher Click-It kit, #C10338), for the designed amount of time (pulse and pulse-chase experiments; incubation times are reported in the Results section). Animals were then fixed with 4% paraformaldehyde (PFA) in 1X PBS, for two hours, then rinsed with 1x PBS. Staining was performed with the EdU Click-It kit (Alexa Fluor 555 kit; ThermoFisher #C10338), following the manufacturer protocol (BSA not added). Nuclei were counterstained with 1 µg/ml Hoechst 33258 (Sigma-Aldrich #94403). Fluorescent beads labeling (FluoSpheres, Molecular Probes #F8812) was performed by feeding animals with beads mixed to hatched artemia. Beads were first washed through five successive centrifugations in mQ H2O and resuspended in mQ H2O. Artemia nauplii were then incubated with the beads for one hour. After feeding, jellyfish were washed with FASW, to remove the non-ingested beads. In situ hybridization, immunostaining and phalloidin staining Fluorescent in situ hybridization and probe synthesis were performed according to the urea-based protocol developed in ((Sinigaglia et al., 2018) , see also (Sinigaglia, 2019) for recipes and reagents).
Chemical treatments
For immunostaining, animals were fixed for two hours with 4% PFA in HEPES buffer (HEPES 0,1M, EGTA 50mM, MgSO4 10mM, Maltose 80mM), rinsed and permeabilized with 1X PBS plus Triton X-100 (0.2%), blocked and incubated with the anti-pMyo antibody (1:200, rabbit; Cell signaling technology #3671), or the anti-tyrosinated tubulin antibody YL1/2 (1:50, rat; Abcam #6160), detected with a goat anti-rabbit secondary antibody coupled to rhodamine (1:500) and a goat anti-rat secondary antibody coupled to Alexa 594 (1:200; Thermo-Fisher #A-11006 and #A-11007), and mounted in Citifluor AF-1 (Citifluor #AF1-100) for imaging. Actin fibers were stained with 1:100 phalloidin coupled to Alexa 488 (solubilized in methanol and dried prior to use; Fisher Scientific #10125092), following fixation with 4% formaldehyde in HEPES buffer. For FISH plus EdU reaction, animals were fixed with 3,7% formaldehyde in HEPES buffer and the EdU click-It reaction was performed after the TSA reaction of FISH. Nuclei were counterstained with 1 µg/ml Hoechst 33258 (Sigma-Aldrich #94403).
Image acquisition and processing
Macroscopic images were taken with a Sony camera (NEX-5R), mounted on an Olympus SZ61 stereoscope. Fluorescent images were taken with a Zeiss Axio Imager A2 microscope and with a Leica SP8 confocal microscope. Image processing (maximum projection, color display), and Figure 1 .S1 -Umbrella restorative potential. Any type of damage (A-T) triggers the remodeling of the umbrella, driven by a rapid reduction of the cut edges. The segments of severed peripheral circular canal fuse together, and constrain the final perimeter of the animal. The circular shape is always restored, while the original tetraradial symmetry is usually not recovered (exceptions in A, B). Left: diagram of dissection (yellow dotted line, removed parts are masked); Right: picture and diagram of resulting medusa morphology, after 24 hpd. C, D and T show images displayed also in Figure 8A , 1I and 1J, respectively. In the case of gonads and bulbs, regeneration rate is variable and depends on the feeding status of the medusa (gonads in C, tentacle bulbs in D), while E) manubrium regeneration is highly stereotypic. (F) Regenerated manubria are shorter than the endogenous ones (measured from base to lip, 20 jellyfish), (G) even if the base occupies a comparable size. Test: two tailed t-test. A and B show images also displayed in Figure 1F and 1G, respectively. Scale bars: 100 µm. figure 3E . H) EdU/Nanos1 double positive small oocytes (white arrowheads), originating from the grafted gonad, are found in the regenerating manubrium and within the connecting canal. The fate of those maturing germ cells remains to be investigated. Lower panel: close up (i, single plane; ii, maximum projection) corresponding to the square shown on the upper panel. (I) EdU-positive cells are not found in the tentacle bulb or the portion of the radial canal comprised between bulb and the EdU+ grafted gonad. Abbreviations: m: manubrium, rm: regenerating manubrium, g: gonad, gg: grafted gonad. tb: tentacle bulb, rc: radial canal. Scale bars: 100 µm, except in the lower panels of (H): 10 µm. Figure 6 .S1 -Supplementary information related to Figure 6 . (A) Smaller fragments of the interradial quarter (left panel) also regenerate a manubrium (right panel), showing that the potential for manubrium regeneration is not restricted to the more central region of the umbrella. (B) Radial smooth muscle fibers join at the center of the medusa after manubrium ablation, forming a "muscle hub" systematically associated with primordium formation. Phalloidin staining of the muscle hub 24 hpd (right panel) is the same shown in figure 2A . (C) Radial canals are not necessary for the formation of muscle hubs. Phalloidin staining shows that a double hub forms also when the adjoining canal segments are removed, leading in some cases into the regeneration of two manubria, once at least one canal regrows to each hub. (D) The ablation of manubrium coupled to a longitudinal dissection of the umbrella can result in different outcomes, quantified at 24 hpd and 5 dpd: regenerating anlages might fuse, at blastema or later stages, or remain separated. Confocal images show Hoechst staining. Scale bars: 1mm for DIC medusae images, 200 µm for confocal images. Figure 8 .S1 -Actomyosin based remodeling. (A) Myosin inhibitor (blebbistatin and BDM) treatments demonstrate that wound healing and remodeling depend on the action of actin-myosin cables assembling at the edge, while inhibition of muscle contraction (menthol) has no major effect. Controls: FASW (filtered artificial sea water), DMSO, Ethanol. (B) Menthol efficiently blocks muscle contraction in undissected and bisected jellyfish. Note that jellyfish contract significantly faster after amputation. Number of contractions per minutes recorded for 5 minutes for 10 undissected and newly bissected jellyfish, in control (0,04% ethanol) and menthol (400 µM) conditions. Statistical test: Mann Whitney Wilcoxon. (C) Myosin phosphorylation in intact and remodeling fibers. Myosin phosphorylation can be detected in radial smooth muscle fibers (central and peripheral umbrella) but not in circular striated muscle fibers (peripheral umbrella only), negative control (IIr rho) also shows no staining. Disorganizing muscle fibers (6 hpd) are instead accompanied by myosin phosphorylation, and show enhanced contractility. Scale bar: 25 µm.
Supplementary Figures
